We perform scanning photocurrent microscopy on WS2 ionic liquid-gated field effect transistors exhibiting high-quality ambipolar transport. By properly biasing the gate electrode we can invert the sign of the photocurrent showing that the minority photocarriers are either electrons or holes. Both in the electron-and the hole-doping regimes the photocurrent decays exponentially as a function of the distance between the illumination spot and the nearest contact, in agreement with a two-terminal Schottky-barrier device model. This allows us to compare the value and the doping dependence of the diffusion length of the minority electrons and holes on a same sample. Interestingly, the diffusion length of the minority carriers is several times larger in the hole accumulation regime than in the electron accumulation regime, pointing out an electron-hole asymmetry in WS2.
Semiconducting transition metal dichalcogenides, MX 2 (M = W, Mo, X = S,Se, Te), are long known as efficient photovoltaic materials [1] [2] [3] [4] [5] [6] with the band gap covering a broad and technologically important energy range between 0.5 and 2 eV. In the last years, they attracted a lot of interest due to the sensitivity of their band structure to thickness, with a strong dependence of the band gap on the number of layers. A spectacular transition from an indirect gap in multilayer flakes to a direct gap in monolayers was observed in MoS 2 [7, 8] , WS 2 [9] [10] [11] and WSe 2 [10, 11] , with a dramatic effect on optical properties such as photoluminescence. Another major recent development is the fabrication of field effect transistors (FETs) based on monolayer MoS 2 with a high on/off ratio (∼ 10 8 ) demonstrating also the potential of these compounds in electronics [12] . In this context, it is important, from the point of view of fundamental physics and optoelectronic applications, to explore and to learn to control the dynamics of photoexcited carriers in transition metal dichalcogenides in a broad range of doping regimes. To this end, scanning photocurrent microscopy (SPCM) is particularly useful, as it allows one to probe the electronic transport properties of minority carriers which contribute mostly to the photocurrent. Indeed it was successfully applied to semiconducting nanowires (Si, CdS, PbS), carbon nanotubes [13] [14] [15] [16] and more recently to graphene [17] and mono- [18] /few-layer [19] MoS 2 . Despite the relatively large value of the band gap in transition metal dichalcogenides, ambipolar operation was realized recently [20, 21] using conventional gating techniques. However, the use of ionic liquid gates generally results in much higher carrier densities than using a solidstate dielectric [22] [23] [24] [25] [26] . Ambipolar ionic liquid gated-FET based on transition metal dichalcogenides [25, 27] showed almost ideal transport characteristics at low operating gate voltage. So far, however, ionic liquid gating of transition metal dichalcogenides has not been employed on optical experiments. In this paper, we apply scanning photocurrent microscopy to ionic liquid gated FET devices similar to those studied in Ref. [25] . This allows us to measure the dependence of the photocurrent on the light injection position, which we explain with help of a simple 1D band model of the device. From the analysis of the SPCM curves we extract the diffusion length of the minority carriers and find different photocurrent decay lengths for electron and hole accumulation, pointing out a strong electron-hole asymmetry in WS 2 . Mechanically exfoliated WS 2 flakes were transfered on a Si/SiO 2 substrate. Their typical thickness was 60-80 nm as determined by the atomic force microscopy (AFM). The devices were fabricated through electron-beam lithography, evaporation of Ti/Au contacts and subsequent lift-off. The region under the contacts was bombarded with Ar-ions prior to metal deposition. A droplet of transparent ionic liquid (1-ethyl-3-methylimidazoliumbis(trifluoromethylsulfonyl)imide, commonly referred to as EMI-TFSI), was placed onto the substrate in a way to cover the flake and a gate electrode. A glass coverslip was put on top, which allowed us to obtain sharp optical images and ensure a good laser focusing on the sample during the SPCM experiments. A typical image of a contacted sample under ionic liquid is shown in Figure 1 (a).
Immediately after the fabrication, the devices were introduced into an optical cryostat, where they were kept at low pressure (< 10 −6 mbar) for at least 24 hours before the experiments, in order to remove moisture from the ionic liquid. The experimental setup combining electrical transport characterization and photocurrent microscopy is schematically shown in Figure 1 (b). Two electrical contacts on the sample are used as source (S) and drain (D), while a large metal region close to the sample playing the role of the gate electrode (G). The gate area is made intentionally much larger than those of the sample and the contacts in order to maximize the gate efficiency. All measurements were performed at room temperature and the gate voltage was limited to ±1.8 V to avoid any chemical reactions at the WS 2 /liquid interface. We prepared and studied several devices, showing similar transport behavior and SPCM patterns. In this paper we discuss only effects reproducibly observed in all the investigated samples. Figure 2 (a) presents the transfer characteristic without illumination of the device shown in Figure 1 (a). It shows the dependence of the source-drain current, I SD , on the gate voltage, V G , measured at a bias voltage V SD = 10 mV. We observe excellent ambipolar transport behavior, with high on-state current in both the electron-and hole regime, negligibly small off-state current, and hysteresisfree behavior. During this measurement, the gate leakage current was negligibly small. These observations demonstrate the high quality of the devices. The electron and hole threshold voltages are respectively V th,e =+0.4 V and V th,h =-1.4 V. The difference between these values (1.8 V) is somewhat larger than the band gap of WS 2 (∆/e ∼1.4 V), which is likely due to a finite potential difference between the gate electrode and the liquid (in these devices no reference electrode is present). [25] . The SPCM measurements were performed using an Arlaser with the wavelength λ = 514.5 nm (green) at a power of P =60 µW. We verified that for such a low laser power the photocurrent depends linearly on P . Light was injected into a microscope objective and focused on the sample surface on a spot of the diameter of about 1 µm (Figure 1(b) ). For a given value of V G and the bias voltage set to zero (V SD = 0 V), the position-dependent photocurrent between the two contacts, I P C (x), was recorded as the sample was scanned in the horizontal plane using an XY-stage so that the laser spot travels from one contact to another along a straight line in the middle of the sample, as indicated by white dashed line in Figure 1(b) . The exact position, x, of the laser spot with respect to the contact electrodes was determined with the help of an integrated optical camera. Figure 2(b) shows the photocurrent dependence as a function of the light injection position and the gate voltage. The absolute value of the photocurrent is maximized near the contacts, whose position is indicated by the yellow lines on the plot. The sign of the photocurrent near the drain is opposite to that near the source. Different amplitudes of I P C around the two contacts, especially at positive gate voltages, are probably due to impurities and surface states at contacts created unintentionally during the fabrication process [28, 29] . At a gate voltage of V S ≈ -1.25 V the sign inverts at both contacts, showing that the photocurrent can be electrostatically controlled. Further we can see in Figure 2 (b) that the sensitivity of the channel to illumination for gate voltages above and below V S is different. In particular, there is an extended region for V G > V S , where no photocurrent is measured, which indicates that gate-induced doping is sufficiently homogeneous along the channel. The position dependent photocurrent is analyzed in more detail in Figure 3 , which shows the SPCM line-scans at selected gate voltages (for V SD = 0 V) in three different regimes V G < V S , V G ≈ V S and V G > V S (panels (a), (b) and (c) respectively). The electrodes are marked by the yellow regions. The behavior of the photocurrent curves is qualitatively similar, apart from their sign, above and below V S . In either case, we clearly observe two photocurrent peaks in the vicinity of the contacts. The tails of both peaks decrease exponentially as the laser injection position moves away from the respective contact. This behavior is the fingerprint of a device terminated by two Schottky-barriers at the semiconductor-metal interfaces [30] , where the bands are bent up or down at the semiconductor-metal interface (see insets in Figures 3(a) and (c) ). The local illumination of the sample excites an electron-hole pair. The minority carrier diffuses towards the nearest contact, where it is extracted due to the built-in electric field, while the majority carrier propagates into the conducting channel and annihilates with a minority carrier created in the other contact [13, 31] . The exponential decay is thus given by the diffusion length of the minority carriers. As it was mentioned above, the photocurrent for V G > V S decreases faster towards the middle of the sample than in V G < V S . We note that the position of the current peaks, about 0.5 µm from the contact edges on the exposed sample surface, does not change within our experimental resolution as function of the gate voltage. In the sign-inversion regime, i.e. for V G ≈ V S , Figure 3(b) , the line-scans are manifestly different from the SPCM profiles found in Figures 3(a) and (c). They no longer show two distinguishable peaks and the exponential decay of I P C . This gating regime is characterized by band flattening at the sample-contact interface (sketched in the inset of Figure 3(b) ) and thus the reduction of the electric field near the electrodes. In this situation, the drift currents induced by local potential variation throughout the channel, albeit small, may modify significantly the line-shapes of the SPCM scans [30] . Apart from the photovoltaic scenario, one should consider a possibility that the photocurrent is partially due to a local heating introduced by the laser and the corresponding thermopower (photothermal effect) [18] . In the previous studies with a comparable laser power [18, 32] the heating of less than 1 K was introduced. The presence of the ionic liquid should make this value even smaller in our case. The Seebeck coefficient of the order of 100 µV /K can be deduced directly from the transport characteristic using the Mott relation [18, 32] , which agrees with the values directly measured on WS 2 flakes [33] . In the OFF state, where the device resistance is above 100 MΩ, the photothermal current should thus not exceed 1 pA, which is more than 3 orders of magnitude smaller than the photocurrents actually observed. Therefore we can ignore this small effect in the further discussion. Now we analyze quantitatively the photocurrent decay in the two band bending regimes (above and below the sign-inversion gate voltage). The minority carrier diffusion length L d can be extracted by fitting the photocurrent profiles with an exponential decay [30] as it has been done in experiments with nanowires [34] and for 2D materials [35] . In order to account for a possible overlap of the photocurrent tails from the two contacts, we use a sum of the two exponential functions
(1) where the parameters I S,D are the adjustable current amplitudes at the source and drain and x S,D are contact positions, kept fixed in the fitting procedure. The fitting range is hold 1 µm away from the contact edges, in order to account for the finite size of the laser spot. As it was shown in Ref. 30 the value of L d can be correctly obtained in this way if it is smaller than about one-half of the channel length. Thus in our device the diffusion length below 5 µm can be detected. We find satisfactory fits at all gate voltages except in the region close to V S , as expected. As an example, in Figure 4 (a) we plot the fitting results for V G = -0.6 V and -1.7 V representing the cases of up-and downward band bending, respectively. In Figure 4 (b) the diffusion length as a function of the gate voltage (red squares) is displayed. In the studied gating range the value of L d varies between 0.4 and 2 microns. Importantly, we find that the diffusion length is systematically higher below than above V S . This points to a significant electron-hole asymmetry in WS 2 . The diffusion length is determined by the mobility µ and the lifetime τ of the minority charge carriers through the relation L d = kB T e µτ , where T is the temperature, k B the Boltzmann constant and e the elementary charge [31] . Therefore the asymmetry of L d can be due to either one of these parameters or both of them. Recently, a higher mobility was observed for holes than for electrons on similar WS 2 devices [25] , which was tentatively associated to the different density of states in the con- duction and valence bands [36] . The gate dependence of the diffusion length obtained in the present work matches qualitatively that of the mobility. However an important caveat to keep in mind is that the diffusion length extracted from the SPCM data refers to minority carriers, while electronic transport experiments probe the mobility of majority carriers. Their dependencies on gate and their values are therefore not necessarily the same. For a typical mobility [25] of µ = 50 cm 2 V −1 s −1 and a diffusion length of L d ≈ 0.5 µm the carrier lifetime is τ = 2 ns. This value is in excellent agreement with recent reports on similar experiments on few-layer MoS 2 [19, 37] . In addition to the electron-hole asymmetry, we observe in Figure 4 Figure 4(b) (dashed line) . The Ar treatment of the contact area, which can modify the work function of the material, and the presence of the ionic liquid at the semiconductor-metal interface, which affects the properties of the depletion layer [38] , make predictions on the value of V S difficult. However, this indicates that the microscopic carrier propagation mechanisms for photocurrent and electronic transport are different. Namely, the photocurrent is largely determined by the band bending at the sample-contact interface, while the FET characteristics are given by the charge accumulation at the sample-ionic liquid interface. Irrespective of these considerations, our work clearly shows that both processes are efficiently controlled by ionic liquid gating. In summary, we studied the position dependent generation of photocurrent in WS 2 ambipolar ionic-liquid gated field-effect transistors. We show that the photocurrent can be inverted by gate voltage. The exponential shape of the photocurrent line-scans is observed, which is typical for Schottky-barrier terminated devices except at the gating range where the photocurrent sign is inverted. A strong electron-hole asymmetry is found: the diffusion length of minority electrons is larger than that of minority holes. Our work demonstrates that ionic liquid gating can be combined with scanning photocurrent microscopy. These findings might also be important for future photovoltaic applications of ultra-thin films of transition metal dichalcogenides.
